The genetic diversity of 44 rhizobial isolates from Astragalus, Oxytropis, and Onobrychis spp. originating from different geographic locations was evaluated by mapped restriction site polymorphism (MRSP) analysis of 16S rRNA genes and by PCR DNA fingerprinting with repetitive sequences (REP-PCR). A comparison of tree topologies of reference strains constructed with data obtained by MRSP and by 16S rRNA gene sequence analyses showed that the topologies were in good agreement, indicating that the MSRP approach results in reasonable estimates of rhizobial phylogeny. The isolates were distributed into 14 distinct 16S rRNA gene types clustering into three major groups which corresponded with three of the genera within the legume symbionts. Most of the isolates were within the genus Mesorhizobium. Five were identified with different genomic species nodulating Lotus spp. and Cicer arietinum. Three Astragalus isolates were classified as Bradyrhizobium, one being similar to Bradyrhizobium elkanii and another being similar to Bradyrhizobium japonicum. Six of the isolates were related to species within the genus Rhizobium. Two were similar to Rhizobium leguminosarum, and the remainder were identified as Rhizobium gallicum. DNA fingerprinting by REP-PCR revealed a high level of diversity within single 16S ribosomal DNA types. The 44 isolates were distributed into 34 REP groups. Rhizobial classification at the genus and probably also the species levels was independent of geographic origin and host plant affinity.
The legume genus Astragalus is the largest in the plant family Fabaceae and is distributed among more than 100 subdivisions (1) . This genus is taxonomically related to the genus Oxytropis, and both genera belong to the tribe Galegeae (36) . Astragalus species are common in the northern half of the Northern Hemisphere, extending into the Arctic, and in the mountains of South America and Asia Minor. Species of Oxytropis are distributed throughout the north temperate, the subarctic, and the arctic regions. Emphases of earlier nodulation studies with species of Astragalus and/or Oxytropis were soil improvement and maintenance of reindeer herds in arctic regions. Also, these investigations were focused on species that could be used for forage, as a source of gum, or as indicators of selenium and uranium (1) .
From about 1928 to 1960, communications which describe the characteristics of rhizobia of these legume species were inadequate for identification purposes. The rhizobia of Astragalus were divided into two cultural groups: one resembled the clover and pea rhizobia with rapid growth, and the other was similar to the slow-growing rhizobia. Isolates from Oxytropis were serologically similar to those from Astragalus (1) .
More recently, rhizobia associated with Astragalus alpinus, Oxytropis maydelliana, and Oxytropis arctobia, three legume species indigenous to the Canadian high Arctic, were characterized for the selection of cold adaptation to improve nitrogen fixation at low temperatures (38) . Independent of their plant host, 48 isolates of arctic rhizobia were divided into 11 groups by numerical analysis of phenotypic characteristics (38) . All strains cross-nodulated these arctic legumes, and most of them were able to form nodules with the temperate species Astragalus cicer. No nodulation was observed on the remaining temperate legume species, Coronilla varia, Lotus corniculatus, Medicago sativa, and Trifolium pratense. These symbionts were acid producers similar to rhizobia belonging to the genera Rhizobium, Sinorhizobium, and Mesorhizobium, the new designation of the genus of which [Rhizobium] loti is the type species (18); some grew slowly, which is a characteristic of the genus Bradyrhizobium but also of some rhizobia belonging to the genus Mesorhizobium (4, 40) , or expressed nitrogenase activity in free-living culture as reported for some bradyrhizobia (21) . Rhizobial isolates from Astragalus and from Oxytropis originating from Russia also nodulated Astragalus cicer and the temperate species Oxytropis campanulata (34) . These isolates did not cluster with reference strains of the different genera of rhizobia as determined by numerical taxonomy. However, they were related to a cross-inoculation group which includes Mesorhizobium loti (33) , which confirmed previous reports (7, 19, 20) . Similarly, rhizobia originating from Astragalus sinicus, Astragalus adsurgens, and Astragalus membranaceus are phylogenetically related to Mesorhizobium loti based upon 16S rRNA gene sequences (35) . Strains from Astragalus sinicus, an important winter-growing green manure in the People's Republic of China, were characterized as a new species, Mesorhizobium huakuii (5) . It was proposed that Mesorhizobium huakuii was specific for Astragalus sinicus since estimates of DNA relatedness with strains from Astragalus membranaceus, Astragalus adsurgens, and Astragalus aliginosus were very low. Phyloge-netically, Mesorhizobium huakuii and Mesorhizobium loti were shown to be closely related (53) and were classified in the same genus, Mesorhizobium, which also includes the chickpea-nodulating species, Mesorhizobium ciceri and Mesorhizobium mediterraneum (18, 31, 32) .
These reports would lead to the interpretation that rhizobia associated with Astragalus and Oxytropis species are closely related. However, the degree of their genetic diversity might be high because of the large number of species of Astragalus and Oxytropis and their diverse geographic origins. In the present study, we report the genetic relationships and genetic diversity among 39 isolates from several species of Astragalus and Oxytropis native to different geographic areas, mainly in North America. Five isolates from sainfoin (Onobrychis viciifolia, tribe Hedysareae, related to the tribe of Galegeae) were included because this legume species was effectively nodulated by rhizobia isolated from Astragalus and Oxytropis (37) . The classification of rhizobia at the genus level is based largely on the phylogeny of the 16S rRNA genes, which is determined from a comparison of 16S ribosomal DNA (rDNA) nucleotide sequences (54) . Since restriction fragment length polymorphism analysis of the PCR-amplified 16S rRNA genes is a rapid approach for estimating rhizobial phylogeny (24), we used mapped restriction site polymorphism (MRSP) as a classification method. PCR DNA fingerprinting with repetitive extragenic palindromic (REP) and enterobacterial repetitive intergenic consensus (ERIC) sequences (REP-PCR) (8) was used to estimate genetic diversity at a higher level of resolution.
MATERIALS AND METHODS

Bacteria.
The strains used in this study are listed in Table 1 and included 44 strains from Astragalus, Oxytropis, and Onobrychis spp. Additional reference or type strains representing species of Rhizobium, Sinorhizobium, Mesorhizobium, Bradyrhizobium, and Agrobacterium as well as some unclassified rhizobia from various host plants also were included.
Restriction pattern analysis and sequencing of 16S rDNA. For MRSP analysis, bacteria were grown on agar slopes of TY medium (3) at 28°C for 24 to 72 h depending on the species. Cells were suspended in sterile water, and the absorbance of the suspensions was adjusted to an optical density at 600 nm of 2. Cells were lysed with proteinase K as previously described (26) . Nearly full-length 16S rDNA was amplified with the fD1 and rD1 primers (51) by mixing 5 l of lysed cell suspensions with all PCR reagents as previously described (24) . Subsamples of 8 l of the PCR products were digested with each of eight restriction endonucleases (listed in Table 2 ) and the appropriate restriction buffer according to the recommendations of the manufacturer (Appligene, Illkirch, France). Analysis of digestion products by agarose gel electrophoresis was as previously described (24) .
For sequencing, colonies of the bacteria were grown on the surface of modified arabinose-gluconate medium (46) and were placed in 200-l portions of 0.1% Tween 20 (polyoxythylene sorbitan monolaurate), and the cells were lysed by incubating the suspensions at 95°C for 10 min. Samples (4 l) of these lysed cell suspensions were used in 120-l PCR mixtures containing primers fD1 and rD1. PCR conditions for the amplification of the 16S rRNA genes were as described previously (48) . The PCR products were purified by using QIAquick spin columns (Qiagen Inc., Chatsworth, Calif.) and were sequenced by using a model 370A DNA sequencer (Applied Biosystems Inc., Foster City, Calif.) as described by van Berkum et al. (48) .
Analysis of MRSP and of sequence data. Each strain was assigned a composite 16S rDNA type defined by the combination of the restriction patterns obtained with the eight restriction endonucleases. The map locations of the restriction sites in the 16S rDNA genes were inferred from known gene sequences available in GenBank and checked by restriction fragment analysis of reference strains to correct possible errors in nucleotide sequences. (10) .
Phylogeny from MRSP data was estimated by the parsimony method with the computer program PAUP (Phylogenetic Analysis Using Parsimony) (45) . A dendrogram was also constructed by the neighbor-joining method (41) from a matrix of pairwise Euclidean distances squared-computed by using the NT-SYS-pc analysis package (version 1.8; Exeter Software, Setauket, N.Y.).
Phylogeny from nucleotide sequence data was also estimated by the parsimony method with the computer program PAUP, and the robustness of the topologies was evaluated through 100 bootstrap replications (heuristic search). The Phylogenetic Inference Package (PHYLIP [15] ) available in the Bisance software was used to compute a matrix of pairwise distances corrected for multiple base substitutions by the method of Kimura (22) . A phylogenetic tree was constructed from the distance matrix by the neighbor-joining method, and a bootstrap confidence analysis (100 replications) was performed with the SEQBOOT and CONSENSE programs of PHYLIP.
REP-PCR fingerprinting. PCR DNA fingerprinting with the REP and ERIC primers (8, 50) and statistical cluster analysis were as previously described (49) . Each of the gels was photographed with Kodak Xpan film to produce black and white negatives. These photographs were scanned into an IBM platform computer for scoring the presence of PCR products of specific molecular sizes in each of the lanes by using the computer program Pro-Score version 2.17 (DNA Proscan, Inc., Nashville, Tenn.). With this software, it is possible to score a 1 or a 0 for the presence or absence of a band at a specific molecular size in each of the lanes. All the bands in each of the lanes of all gels were scored to produce binary matrices of the images. The matrices were exported from Pro-Score as text files and were modified for analysis with NTSYS-pc. The similarities between lanes were estimated with simple matching coefficients, and phenograms (not shown) were produced by the Sahn clustering analysis program.
Nucleotide sequence accession number. The 16S rRNA gene sequence of the Bradyrhizobium elkanii type strain USDA 76 has been deposited in the GenBank database under accession no. U35000.
RESULTS
MRSP analysis of PCR-amplified 16S rRNA genes.
A single DNA fragment of about 1,480 bp representing the 16S rRNA genes was amplified with each of the 44 isolates from Astragalus spp., Oxytropis spp., and Onobrychis spp. The restriction patterns, following digestion with eight restriction endonucleases, were compared to those of type or reference strains. A total of 98 restriction sites were identified, and these represented about 380 bp of the 16S rRNA genes since four-base cutting restriction enzymes were used. Of those 98 restriction sites, 69 sites were polymorphic ( Table 2) .
From the combined data, we identified 14 composite 16S rDNA types among the 44 isolates (Table 3 ) and a total of 36 types when the reference strains were included in the analysis (Tables 1 and 2 ). The 24, 15, and 5 rhizobial strains from different Astragalus, Oxytropis, and Onobrychis species were divided into 12, 6, and 2 16S rDNA types, respectively (Table  3) . Among isolates originating from the same plant species, distinctly different 16S rDNA types were detected (Table 1) . For example, the seven isolates from Astragalus alpinus belonged to five different types. None of the Astragalus isolates tested, including those from Astragalus sinicus, had the same 16S rDNA type as the reference strain for Mesorhizobium huakuii, which also originated from Astragalus sinicus. In con- Continued on following page trast, the same 16S rDNA type was present among strains isolated from different plant species and genera. For example, 16S rDNA type 24 was identified among isolates from the three plant genera, Astragalus, Oxytropis, and Onobrychis. Thirty isolates shared 16S rDNA types with the reference strains of various rhizobial species (Table 3) . However, eight, four, and two isolates from Astragalus spp., Oxytropis spp., and Onobrychis viciifolia, respectively, were divided into five rDNA types, which did not correspond with those identified with any of the type and reference strains. The genetic relationships among the 36 rDNA types were estimated from the restriction site differences shown in Table  2 by using Dollo's parsimony analysis. One hundred equally parsimonious trees were obtained from an heuristic search. The topologies of all these trees were similar. An example is shown in Fig. 1A . A very similar tree was obtained by a phenetic approach with the neighbor-joining method (not shown).
The cluster E represented the classification of the Bradyrhizobium species and was clearly separate from the four other main clusters with strains classified as Rhizobium (clusters A and B), Sinorhizobium (cluster C), and Mesorhizobium (cluster D) and from Azorhizobium caulinodans. Differences in restriction sites between pairs of genotypes ranged from 19 to 37 in number between the Bradyrhizobium and the other clusters. Cluster E included one isolate from Astragalus, USDA 3152a, in addition to two other isolates from Astragalus which had 16S rDNA types identical with that of Bradyrhizobium japonicum USDA 110 or that of the four Bradyrhizobium elkanii reference strains analyzed. Differences in restriction sites ranged from 0 to 10 in number among these three isolates from Astragalus and the Bradyrhizobium strains from soybean or from lupin. Within cluster E, the arithmetic mean of differences in restriction sites was 3.7. The 13 other isolates with 16S rDNA types differing from those of the reference strains were grouped in cluster D with the species of Mesorhizobium and other strains from Cicer arietinum and Coronilla varia. This cluster included most of the isolates (35 of 44). Differences in restriction sites between pairs of genotypes ranged from 0 to 11 in number (arithmetic mean of 3.8) within cluster D and from 12 to 34 between this cluster and the other clusters. Arithmetic means of differences in restriction sites within clusters A, B, and C were 4.4, 8.8, and 5.6, respectively.
We compared the topologies of the phylogenetic trees constructed with the MRSP data and with aligned 16S rRNA gene nucleotide sequences. The 16S rRNA gene nucleotide sequence of Bradyrhizobium elkanii USDA 76
T was determined to permit such a comparison since this type strain was included in our MRSP analysis. The 16S rRNA gene nucleotide se- 3% homology) , even though the latter two are classified within the same genus and nodulate the same legumes. The 16S rRNA gene sequences of Bradyrhizobium elkanii and the bradyrhizobia isolated from several tropical leguminous trees (12) were very similar (99.4% homology). The topologies of the phylogenetic trees constructed from the sequencing data by the distance matrix method with the neighbor-joining algorithm (Fig. 1B) and by parsimony analysis (not shown) were very similar. Also, the topologies of trees constructed from the MRSP and the sequencing data corresponded well (Fig. 1A and B) , from which we concluded that MRSP is a powerful preliminary approach for the determination of the putative phylogeny of newly isolated legume symbionts.
REP-PCR DNA fingerprinting. The diversity of isolates within each of the 16S rDNA types was determined by REPand ERIC-PCR DNA fingerprinting. The reproducibility of b The distribution of the strains among 16S rDNA types is given in Table 1 . c Restriction sites located within the 72-bp insertion present in Rhizobium tropici IIA strains (52) at position 47 according to the nucleotide numbering of the sequence of Rhizobium leguminosarum ATCC 14480. AluI 47*, CfoI 47*, DdeI 47*, and NdeII 47* generated restriction fragments of 89, 56, 106, and 100 bp, respectively. The restriction fragment generated by AluI 47*-AluI 47** was 50 bp.
d Restriction site located within a 6-bp insertion present in these strains upstream of position 1 according to the nucleotide numbering of the sequence of Rhizobium leguminosarum ATCC 14480 (47) .
e The position of these restriction sites missing in the known sequences was estimated.
the REP-PCRs was checked for some strains by comparison of the banding patterns obtained independently in two different laboratories. The major bands were reproducible, and the strains were recognizable by the banding patterns obtained in the two laboratories. Both REP-and ERIC-PCR analyses yielded similar levels of resolution. From the data, we were able to differentiate most isolates. Several classified within the same 16S rDNA types produced very similar fingerprints and were grouped together (Fig. 2) . Thirty-four groups of REPplus ERIC-PCR fingerprints (REP groups) were recorded among the 44 isolates (Table 3) . Based upon data from the REP-PCR analysis, we observed that within most of the 16S rDNA types the isolates were genetically heterogeneous. Within 16S rDNA type 20, which was the largest group, none of the 11 isolates appeared to be closely related, although some were isolated from the same plant species and originated from the same geographic region (e.g., Fig. 2B and E, strains USDA 4006 and USDA 4007, lanes D and B; strains OMO1 and OMO2, lanes N and O). In contrast, isolates from different plant species (in rDNA types 25 and 27) or genera (in rDNA types 6 and 24) and/or from different geographic locations had similar electrophoretic patterns. For example, within 16S rDNA type 6, the REP and ERIC electrophoretic patterns of strain 116A15 from Onobrychis ( Fig. 2C and F, lane B) were similar to those of strain 118H1 from Oxytropis ( Fig. 2B and E, lane G); within 16S rDNA type 24, the patterns produced with strain USDA 3358 isolated from Astragalus in China ( Fig. 2A and D, lane M) were similar to those of strain USDA 3119 isolated from Oxytropis in the United States ( Fig. 2B and E , lane E).
DISCUSSION
The usefulness of PCR-restriction fragment length polymorphism analysis of rhizobial 16S rDNA to obtain preliminary estimates of phylogenetic classification for identification purposes has been demonstrated previously (24) . We have improved the method by constructing a database of mapped restriction sites in the 16S rRNA genes of bacteria in the family Rhizobiaceae. Restriction site analysis is more reliable because, in pairwise comparisons, it eliminates the problem of scoring restriction fragments of identical molecular size but corresponding to different gene regions. It also facilitates the detection of double or triple bands of similar length in a single strain. Besides the greater definition, the restriction maps produced in this study enable classification of newly isolated rhizobia by scoring restriction site polymorphism without having any longer to include reference strains in the experiment. Twenty species of rhizobia belonging to five genera have been described elsewhere (2, 6, 18, 54) . Reference strains belonging to 17 of these recognized species were analyzed in this study, and all these species were differentiated with the MRSP analysis. An exception was Rhizobium tropici IIB and Agrobacterium rhizogenes, which could not be differentiated by restriction site analysis of the 16S rRNA genes as was reported previously (24) . The isolates from the three legume hosts examined in our study were classified within three of the genera, Rhizobium Mesorhizobium, and Bradyrhizobium.
Although only a few isolates from each plant species were sampled, two to five distinct 16S rDNA types were identified among the symbionts of 10 of the 12 plant species. Several of the 16S rDNA types were shared by isolates which had originated from different host legumes. We made similar observations with the REP-PCR analysis but at a finer level of classification. This method is highly discriminating, which permitted identification of genetic diversity at the intraspecies level (8, 25, 46) . From the REP-PCR data, we identified only three examples in which rhizobia from a single plant species appeared to be closely related (the two strains from Astragalus sinicus, two strains from Onobrychis viciifolia, and three strains from Astragalus cicer). These results agree with previous classifications by serology (1), by numerical taxonomy (34, 38) , and by cross-infection experiments in which rhizobia from Astragalus, Oxytropis, and Onobrychis spp. were grouped independently of their plant origin (37, 38) .
We also concluded from our data that rhizobial classification was independent of origin since isolates with different 16S rDNA types were from the same geographic regions. For example, the four Astragalus isolates from North Dakota had four distinct 16S rDNA types and were classified within three rhizobial genera. Similarly, the 16 isolates originating from the Arctic regions (Alaska and Northwest Territories of Canada) were distributed into six 16S rDNA types. Some of these 16S rDNA types also included isolates which had originated from temperate climatic regions. However, we identified from the REP-PCR analysis that genetically similar rhizobia may be present in soils of different continents.
Most of the isolates (35 of 44) were classified within the genus Mesorhizobium. This is consistent with the reports indicating that Astragalus and Oxytropis rhizobia are related to Mesorhizobium loti based on partial sequencing of 16S rRNA genes (35) , phage sensitivity determinations (33) , and crossinoculation experiments (33, 34) . Our classification of the Coronilla isolate within this genus was consistent with the report that isolates of Coronilla varia nodulated Astragalus cicer (34) . Most, but not all, temperate-zone isolates of Astragalus and Oxytropis nodulate Lotus species (33, 34) . However, the eight arctic strains that we grouped in this genus do not nodulate Lotus corniculatus or Coronilla varia (38) . This difference in host range between the arctic and temperate-region rhizobia of Astragalus and Oxytropis may indicate variability in genetic determinants for nodulation and/or variation in susceptibility of host legumes for nodulation by these rhizobia.
There were nine distinct 16S rDNA types among the 35 strains within the genus Mesorhizobium, and five of these types included reference strains of rhizobia which nodulate Lotus spp. or Cicer arietinum. The phylogenetic positions of these isolates were independent of host plant origin and were intertwined with those of the reference strains of Mesorhizobium loti, Mesorhizobium ciceri, Mesorhizobium mediterraneum, Mesorhizobium genomic species 4 (Cicer arietinum), Mesorhizobium sp. (Coronilla), and Mesorhizobium huakuii. Two isolates of Astragalus sinicus had the same 16S rDNA type as one of the reference strains of Mesorhizobium loti (NZP 2234) and were differentiated from Mesorhizobium huakuii. Our report and those of others (31, 43) describing the lack of a relationship between rhizobial 16S rDNA type within Mesorhizobium and host plant affinity complicate the rhizobial phylogenetic schemes. On the basis of DNA-DNA hybridizations, rhizobia classified as Mesorhizobium loti represented several different genomic species because they had less than 50% DNA homology and had 16S rRNA genes with more than two nucleotide mismatches (43) . Although MRSP is less sensitive than sequencing analysis for estimating phylogeny, five to seven differences in restriction sites were identified between the 16S rRNA genes of two reference strains of Mesorhizobium loti analyzed in our study and the type strain, which may indicate that these strains also represent distinctly different genomic species. This would be consistent with DNA-DNA hybridization data indicating that the type strain, NZP 2213, and the Table 2 . Some of these genotypes included type (T) and/or reference strains of the species indicated in parentheses (see also Table 1 ). b The classification of each strain into REP groups is given in Fig. 2 .
reference strain NZP 2234 included in our study were only 60% related (7) . The lateral transfer of symbiotic genes from introduced rhizobia to closely related nonsymbiotic soil bacteria was one of the proposed mechanisms by which this diversity arose (43, 44) . Three of the Astragalus isolates were classified as Bradyrhizobium, and their phylogenetic positions were intermixed with the bradyrhizobia of soybean and lupin. We conclude from the 16S rRNA gene sequences that the soybean bradyrhizobia are phylogenetically divergent, which is consistent with their separation into two distinct species (23) . The phylogenetic distances of Bradyrhizobium elkanii and two strains of Bradyrhizobium japonicum were greater than those among Rhodopseudomonas palustris, Blastobacter denitrificans, the Afipia and the Nitrobacter species, and Bradyrhizobium japonicum. The 16S rRNA gene nucleotide sequences among strains of Bradyrhizobium elkanii probably are very similar because no polymorphism was detected among the four strains of Bradyrhizobium elkanii examined by MRSP analysis. In contrast, five differences in restriction sites were observed between the two strains of Bradyrhizobium japonicum included in this analysis. Therefore, Bradyrhizobium elkanii may be phylogenetically more homogeneous than Bradyrhizobium japonicum. The reported nucleotide sequence of the lupin type strain DSM 30140 (USDA 3051, ATCC 10319) has indicated a phylogenetic relationship within Bradyrhizobium close to that of Bradyrhizobium japonicum (28) , but a relationship with the other closely related genera was not presented. Similarly, we conclude from our work that at least some other lupin strains are closely related to Bradyrhizobium japonicum. Both from MRSP and from the sequencing data, we identified two subgroups within the Bradyrhizobium cluster, one including Bradyrhizobium japonicum and several lupin strains and the other including Bradyrhizobium elkanii and bradyrhizobia of several tropical leguminous trees (12, 30) . The three bradyrhizobia isolated from Astragalus spp. were distributed between these two subgroups.
The six isolates within the genus Rhizobium also were phylogenetically heterogeneous. They represented two 16S rDNA types which differed by seven restriction sites. Two isolates had the same 16S rDNA type as Rhizobium leguminosarum, and the others were identified with Rhizobium gallicum, a species recently proposed which was isolated from Phaseolus vulgaris growing in French soil (2) .
Our results demonstrate that the three genera of legumes, Astragalus, Oxytropis, and Onobrychis, native to arctic and temperate climatic zones, have widely divergent symbionts at the genus level. The polymorphism detected in their 16S rRNA genes with patterns in some cases matching those of different type strains may be an indication that these rhizobial symbionts are diverse at the species level as well.
